The phytopathogenic bacterium Erwinia chrysanthemi, unlike other members of the family Enterobacteriaceae, is able to metabolize the ,B-glucosides, arbutin, and salicin. A previous genetic analysis of the E. chrysanthemi arb genes, which mediate ,-glucoside metabolism, suggested that they were homologous to the Escherichia coli K-12 bgl genes. We have now determined the nucleotide sequence of a 5,065-bp DNA fragment containing three genes, arbG, arbF, and arbB. Deletion analysis, expression in minicell systems, and comparison with sequences of other proteins suggest that arbF and arbB encode a ,3-glucoside-specific phosphotransferase system-dependent permease and a phospho-o-glucosidase, respectively. The ArbF amino acid sequence shares 55% identity with that of the E. coli BglF permease and contains most residues thought to be important for a phosphotransferase. One change, however, was noted, since BglF Arg-625, presumably involved in phosphoryl transfer, was replaced by a Cys residue in ArbF. An analysis of the ArbB sequence led to the definition of a protein family which contained enzymes classified as phospho-,-glucosidases, phospho-I8-galactosidases, I-glucosidases, and j8-galactosidases and originating from gram-positive and gram-negative bacteria, archebacteria, and mammals, including humans. An analysis of this family allowed us (i) to speculate on the ways that these enzymes evolved, (ii) to identify a glutamate residue likely to be a key amino acid in the catalytic activity of each protein, and (iii) to predict that domain II of the human lactate-phlorizin hydrolase, which is involved in lactose intolerance, is catalytically nonactive. A comparison between the untranslated regions of the E. chrysanthemi arb cluster and the E. coli bgl operon revealed the conservation of two regions which, in the latter, are known to terminate transcription under noninducing conditions and be the target of the BgIG transcriptional antiterminator under inducing conditions. ArbG was found to share a high level of similarity with the Bg1G antiterminator as well as with Bacillus subtilis SacT and SacY antiterminators, suggesting that ArbG functions as an antiterminator in regulating the expression of the E. chrysanthemi arb genes.
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Members of the family Enterobacteriaceae differ in their capacity to ferment the natural ,B-glucosides, i.e., cellobiose, arbutin, and salicin, as carbon sources. For instance, Erwinia chrysanthemi, a phytopathogenic bacterium (7) , is capable of fermenting all three, while Escherichia coli K-12 strains ferment none (4, 44, 45) . However, E. coli K-12 possesses a battery of silent genes which, upon mutagenesis, can be activated and enable the use of these sugars (15, 24, 33, 34, 36, 37, 44) . Hence, a comparative analysis of the E. coli and E. chrysanthemi systems might provide an opportunity for describing evolutionary constraints exerted upon cryptic and expressed genes.
Our previous analysis revealed the existence of at least two unrelated 13-glucoside assimilatory pathways in E. chrysanthemi (4, 16) . One, referred to as the clb pathway, enables the bacterium to use cellobiose, arbutin, and salicin, while another, referred to as the arb pathway, allows growth on arbutin and salicin only. It is unknown whether the clb genes resemble the E. coli cryptic cel genes, which also control a cellobiose assimilatory pathway (34) . Results from a genetic analysis of the E. chrysanthemi arb system led us manner, for a PTS-dependent permease and a phospho-pglucosidase, respectively. In this paper, we pursue the characterization of the Arb system at the nucleotide and amino acid sequence levels and compare this system with the E. coli cryptic bgl operon.
MATERIALS AND METHODS
Bacteria and plasmids. The E. coli K-12 derivative strains were as follows: LCB320 (C600 thr leu rpsL; from our collection); TG1 [A(lac-pro) supE thi hsdR hsdMIF' lacI lacZAM15 proAB]; AE 10 (AlacX74 thi bglRJJ tsx tna::TnlO; from A. Wright); AE 304-3 (same as AE 10 but bglB; from A. Wright); and AR 1062 (thr leu thi ara aziJfhuA lacY tsx minA rpsL gal mtl xyl hsdR; from our collection). The plasmids used were as follows: pEM31 (ColEl Apr arbG+ arbF+ arbB+) was the parental plasmid (see Fig. 1 ); Bluescript phagemid pKS+ (Apr; Stratagene) was used to subclone the PstI2-SalI restriction fragment from pEM31, giving rise to the pBS11 (Apr arbF+ arbB+) and pBS23 (Apr arbF+ arbB+) plasmids; plasmid pBSACI (arbF+ Apr) was derived from pBS11 by deletion of the ClaI1-ClaI2 restriction fragment; pBS10.3 (Apr) was a pBS11 deletion derivative obtained during the generation of exonuclease III-mediated deletions; and pBST3 and pBST7 plasmids were pKS+ and pKS-derivatives, respectively, carrying the BamHI1-PvuII restriction fragment from pEM31 (see Fig. 1 ).
Media and chemicals. All conditions used for growing, scoring, and selecting bacteria were as already described (16) .
DNA techniques. Plasmid DNA preparation, electrophoresis, and DNA fragment isolation were performed by standard procedures (3, 28) . Enzymatic treatments of DNA molecules were carried out as recommended by the manufacturers. Bacterial transformation was performed as described by Chung and Miller (8) .
Expression in minicell systems and electrophoretic analysis of plasmid-encoded proteins. The plasmids of interest were introduced into the minicells producing E. coli AR 1062. Minicells were purified by the method of Meagher (30 Cloning and nested deletions. Nested deletions were made in the Bluescript phagemid derivatives carrying DNA to be sequenced, namely, pBS11, pBS23, pBST7, and pBST3. Overlapping deletions were generated with exonuclease III (10 U/Iug of DNA, 26°C), which was allowed to act for various periods of time. Treatment with exonuclease VII (1.2 U/,ug of DNA, 45 min, 37°C) was performed to remove the protruding ends. Finally, the DNA fragment extremities were treated with the Klenow enzyme (2 U/,ug of DNA) and ligated with T4 DNA ligase, and the resulting plasmids were introduced into E. coli TG1. The sizes of the recovered plasmids were analyzed by electrophoresis on agarose gels (1%).
Determination of the nucleotide sequence. DNA sequencing was carried out by the dideoxy chain termination method of Sanger et al. (42) with Sequenase (Genofit or USB) and [a-35S]dATP. The reaction products were separated at 65C on a gradient gel (0.2 to 0.4 mm) made with 4% polyacrylamide, 7 M urea, and Tris-borate buffer. Gels were autoradiographed by exposure to Kodak XAR-5 film. The location of Mu-lacZ insertions was determined by direct sequencing of the pBH324 and pBH363 plasmids (16) with an oligonucleotide (5'-TTTTTCGTGCGCCGCTT-3') derived from the S extremity of phage Mu.
Nucleotide sequence accession number. The GenBank nucleotide sequence accession number for the E. chrysanthemi arb genes is M81772.
RESULTS AND DISCUSSION
Cloning and characterization of the arb genes. Insertion mutagenesis of the pEM31 plasmid had suggested that the arb genes were located between the PvuII and ClaI2 restriction sites, with transcription reading from left to right (Fig.  1) . The slightly larger PstI2-SalI restriction fragment was inserted at the SmaI restriction site of the pKS+ plasmid, and the resulting plasmids were used to transform E. coli LCB320. The transformants yielded three colony types on MacConkey plates containing arbutin and ampicillin: white colonies most likely carrying the recircularized vector; dark red colonies carrying a plasmid, referred to as pBS11, in which the arb genes were inserted in the same orientation as the lac promoter present on the vector; and pink colonies containing a plasmid, referred to as pBS23, in which the arb genes were inserted in the opposite orientation. Nested deletions were made from the 3' end of the inserts carried by the pBS11 and pBS23 plasmids. The various pBS11 deletion derivatives were analyzed for the phenotype that they conferred to E. coli TG1 (Fig. 1) . All deletions ending around the ClaI1 restriction site conferred an Arb+ Sal-phenotype. Thus, these plasmids carry a functional permease gene which allows the uptake of P-glucosides but lack the phospho-p-glucosidase gene. Phosphoarbutin is hydrolyzed in these cells by the product of the E. coli bglA gene (16, 43 the DNA region downstream of the CIaI1 restriction site, e.g., in plasmid pBS11ACI, apparently led to the loss of the gene encoding the 52-kDa protein, while larger deletions led to the disappearance of the 67-kDa protein (Fig. 2) . Taken together with the phenotypic characterization mentioned above, these data suggested that the proteins of 67 and 52 kDa are the permease and the phospho-p-glucosidase, respectively.
Sequence analysis of the arb genes. As more precisely described below, previous results from mini-Mu-mediated mutagenesis experiments led to inaccurate localization of the upstream limit of the first arb gene. Therefore, the determination of the complete nucleotide sequence required the construction of a second pair of plasmids: the BamHI1-PvuII restriction fragment was subcloned into both pKS+ and pKS-phagemids, giving rise to pBST7 and pBST3, respectively (Fig. 1) . Hence, the 5,065-bp nucleotide sequence given in Fig. 3 GGAACGT , located at a distance of 4 bp. We collected evidence neither for the presence of a protein that could correspond to this ORF nor for a role of this region in the functioning of the Arb system. However, we should mention that some Lac' fusions whose preliminary mapping was compatible with an insertion in this ORF were obtained. The beginning of a similar apparently "dispensable" ORF was also identified in the E. coli bgl operon (48) . Since the N-terminal sequences of both ORF share some sequence 
ATTACC~T&TGCCG~~TIGC&AuLTGLTGATGTATATCCCTCAGCGoAAAAG
AAAACCThCGTTTGGGCTTGCqCCGCGATGAGACGGTTCAGTTTTT I-GGTGC01uCIlCAT SD.
CTCAGCGGTTICr.CGGGCATGGGCTGAGCATTAAGGATGTAGTAATG&ATTACGA&ATGCGG&TAA&GCTGCGCGA the first 14 residues revealed a picture closely related to that reported for various sucrose ElI enzymes (39) . In particular, one side of the helix contained only charged hydrophilic residues, while the other contained only hydrophobic ones, giving rise to a typical amphipathic a-helical segment of 14 residues terminated by a pair of glycyl residues (data not shown). It was proposed that such short N-terminal amphipathic sequences are embedded in the membrane and assist in the correct targeting of the permeases (39; see below). (iii) The C terminus of ArbF did not exhibit the signature proposed by Saier et al. (39, 40) , i.e., one hydrophobic residue followed by a histidyl or an arginyl, since a cysteinyl residue occurred instead (see below).
A site-directed mutagenesis study of BglF underlined the importance of His-547, Cys-24, His-306, His-183, Asp-501, and Arg-625 residues (47). All were found to be conserved in ArbF, except for Arg-625, which was replaced by a Cys residue (Fig. 4) (6) (f), phospho-3-glucosidases from E. coli (48) (g) and E. chrysanthemi (this work) (h), and human LPH (29) domains 11 (i), III (j), and IV (k). Human LPH domain I was omitted because its similarity to the other domains is only partial and does not encompass the active-site region (29) . Similarly, the rat LPH and recently published S. solfataricus ,-galactosidase sequences were not included, since they exhibit a very high level of homology with those of human LPH and the other S. solfataricus enzyme, respectively (10, 29) . The alignment was produced with the Clustal program (19) and verified by hydrophobic cluster analysis (21) . Various amino acid matrix similarities were used (12, 38) ; all gave essentially the same type of alignment. Residues conserved in at least 6 of the 11 sequences are boxed. Symbols: 0, active-site Glu residue found to act as a nucleophile in the Agrobacterium enzyme (52); 0, invariant Asp, Glu, or His residues. The areas marked with a black bar are those that were used to construct the tree in Fig. 6 . ambiguity was ever found. Whether Cys can, in this context, and mammals, including humans. The ArbB amino acid substitute for Arg, i.e., function together with the His-547 sequence was used to scan a data bank specific for ,B-glycoresidue in phosphate transfer, remains to be determined.
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on October 20, 2017 by guest http://jb.asm.org/ Downloaded from coli BglB proteins, amounting to approximately 70%o. As already pointed out by others, both of these gram-negative bacterial phospho-p-glucosidases were found to share a high level of identity with phospho-,B-galactosidases originating from gram-positive bacteria, such as Streptococcus, Staphylococcus, and Lactobacillus spp. (35) . We identified six additional homologous sequences: P-glucosidases from a gram-negative Agrobacterium sp. and from the extreme thermophile Caldocellum saccharolyticum, two ,-galactosidases from the archeabacterium Sulfolobus solfataricus, and lactate-phlorizin hydrolases (LPH) from rats and humans (Fig. 5) and ,-galactosidase (EC 3.2.1.23). The alignment of the sequences revealed that (i) the N-and C-terminal regions are better conserved than the middle regions, (ii) optimal alignment of the archeabacterium enzyme requires the introduction of long gaps into the other sequences, and (iii) 27 amino acids are found to be invariant (Fig. 5) . On the basis of a pairwise comparison of the largest regions common to all sequences, we suggest an unrooted evolution tree (Fig. 6 ).
The most related sequences were those of proteins occurring in taxonomically related bacteria. However, the enzymes could also be separated into phospho-f3-glycosidases and ,-glycosidases, i.e., depending on the presence or absence of a phosphoryl group at the C-6 position of the substrate. This result suggested that this position might have acted as a functional constraint in the evolution of the enzymes analyzed. The human LPH molecule might provide us with an example of evolution from one type of f-glycosidase to another. LPH bears two catalytic activities: P-galactosidase (domain III) and 3-glucosidase (domain IV) (29) (Fig. 5 ). If one assumes that both domains arose by genetic duplication, structural differences between them should reflect, above all, the constraints imposed by the substrates. A most interesting outcome from building protein families is the ability to predict functionally important residues.
Human domain II (i), Caldocellum (c) P-Glycosidases act by a general acid catalysis mechanism in which two acidic residues participate in a single or double displacement reaction, resulting in the inversion or retention of the configuration, respectively, at the anomeric carbon (50) . It was recently shown that, in the Agrobacterium enzyme, the Glu-358 residue is directly involved in the glycosidic bond cleavage by acting as a nucleophile (52) . This residue is invariant in 10 of the 11 members of the family. LPH domain II is the exception (Fig. 5) . This result is of special interest since (i) LPH, like the Agrobacterium enzyme, catalyzes the glycosidic bond cleavage with the retention of the configuration at C-1 of the product (49) , and (ii) LPH domain II is removed from pro-LPH by proteolytic processing in vivo (29) . Therefore, we predict that domain III Glu-1273 and Glu-1749 of human LPH are directly involved in catalysis and that LPH domain II is a noncatalytic polypeptide. Because general acid catalysis also requires the participation of a proton donor residue, other appropriate invariant residues (Glu, Asp, and His) were sought and are proposed as potential candidates for sitedirected mutagenesis studies (Fig. 5 ). While this work was in progress, the sequences of two P-glucosidases from B. polymyxa were reported by Gonzales-Candelas et al. (17) along with a similar sequence analysis. These authors concluded that there were two types of ,B-glucosidases, the B. polymyxa enzymes being part of the family also containing ,B-galactosidases, phospho-p-galactosidases, and phospho-pglucosidases, as we have concluded. However, their analysis did not include the archeabacterial and human enzymes in the proposed family and did not take advantage of the knowledge about the Agrobacterium enzyme to predict a catalytic glutamate in all members of the family.
Comparison of the ArbG amino acid sequence with those of E. coli and B. subtlis transcriptional antiterminators. The E. coli BglG protein functions as a transcriptional antiterminator and exhibits RNA binding capacity (20) . The E. chrysanthemi ArbG protein exhibits 61% identity with Bg1G (Fig. 7) . Fig. 5 . Other trees were constructed with the entire sequences and were found to be similar in topology as well as relative branch length (data not shown). The tree was constructed by submitting the edited sequences to the multiple sequence alignment program of Lipman et al. (22) , with the matrix of Dayhoff (12) amino acid sequence with those of the E. coli and B. subtilis proteins (Fig. 7) revealed the presence of 58 identical residues among the four proteins. Among them were the AspHis residues located at position 100 and shown to be important for the activity of BglG and SacT (9, 13) (Fig. 7) . This result strongly supports the idea that the ArbG protein is an antiterminator, while it renders the observation that ArbG could not substitute for BglG more puzzling (16) .
Location of lacZ fusion insertion points. The determination of the arbG nucleotide sequence challenged some conclusions derived from our previous analysis. In particular, it had been concluded that the upstream limit of arbG was near the PvuII restriction site, since Mu insertions upstream of this site did not interfere with the ability to use arbutin, while downstream insertions led to a negative phenotype (16) . It was therefore disturbing to find that the PvuII restriction site lies within the central part of the arbG nucleotide sequence (Fig. 3) . This result prompted a reinvestigation of the location of some lacZ fusions studied in our previous work (16) . Sequencing of the insertion points of two arb-lacZ fusions, "Box Am 324 and 363, revealed that the Mu element was inserted within the N-proximal region of arbF after the 9th and 21st codons, respectively (Fig. 3) . Hence, none of the fusions previously used mapped within the arbG gene, and the conclusion that arbG expression was not substrate inducible must be considered erroneous. Such a reassessment necessitates additional comment, since the expression of fusion 344 located in arbF was induced threefold by the substrates, while the expression of fusion 363, now shown to be in arbF as well, was found to be noninducible (16) . The basis for this result might reside in the fact that fusion 363 lies in the region of the permease that is integrated in the membrane, while inducible fusion 344 is within the cytoplasmic tail (see above).
Search for transcriptional signals. We sought to identify sequences related to the promoters recognized by the &70_ containing RNA polymerase. Three putative promoters were found and are referred to as PO, lying upstream of the arbG gene at bp 30, and P1 and P2, located within the arbG-arbF intercistronic region at bp 1119 and 1263, respectively ( (32) , the sacB levansucrase gene (9) , and the sacPA sucrose metabolic operon (13) , respectively. A search for potential stem-loop structures that could be involved in transcription termination was conducted. Two were located flanking the arbG gene; each was followed by a run of T residues, as expected for rho-independent terminators (Fig. 3) . The free energy of formation, if the stem-loop structures were folded in RNA, would be -21.7 kcal/mol (ca. 90.8 kJ/mol) and -30 kcal/mol (ca. 125.5 kJ/mol) for the upstream (STB1) and downstream (STB2) structures, respectively. Furthermore, the STB1 and STB2 structures, along with each immediate upstream region, were found to share a high level of identity. In addition, both exhibited motifs, called BoxA and BoxB, which were earlier identified in the regions involved in the antitermination regulatory circuit of the E. coli bgl and B. subtilis sacT and sacB genes (9, 13, 20, 27, 46, 48) . Alignment of the E. chrysanthemi arb STB1-containing region was straightforward: this region exhibited a sequence highly related to the BoxA and BoxB motifs, with the exception of the 3' end of BoxB, which was demonstrated not to be essential for antiterminator recognition in E. coli (20) . In contrast, good alignment of the E. chrysanthemi arb STB2-containing region seemed more difficult to achieve, since part of BoxB seemed to have been duplicated. Hence, the distance between BoxA and BoxB could be either 8 or 17 nucleotides (Fig. 8) . It might be interesting to note that the 17-bp spacing region could be folded in a small hairpin, bringing together BoxA and BoxB such that they would now be at a distance similar to that described in the E. coli and B. subtilis systems (data not shown). In addition, a third potential rho-independent terminator structure was found downstream of the arbB gene (Fig. 3) .
Conclusion. The determination of the E. chrysanthemi arb gene nucleotide sequence allowed the identification of three genes, arbG, arbF, and arbB. Phenotypic analysis of deletion derivatives and sequence comparison studies showed that the ArbF and ArbB proteins constitute a PTS-dependent EII permease and a phospho-3-glucosidase, respectively. The function of ArbG was solely inferred from a sequence comparison study, and ArbG was proposed to be an antiterminator. Both the genetic order and the sequences of the encoded products demonstrated that the expressed E. chrysanthemi Arb system is structurally equivalent to the E. coli cryptic bgl operon.
Two differences between the Arb and Bgl systems were noted; both involved the nontranslated regions. First, with the exception of the terminator-containing regions, no similarity was found between the regions lying upstream of the arbG gene and the bgl promoter. This finding precluded any attempt to identify discrete sites or determinants which could be responsible for the cryptic nature of the bgl promoter. This finding was surprising, since work by DiazTorres and Wright showed that a sequence highly similar to the bgl promoter occurs in the chromosomes of other members of the family Enterobacteriaceae (14) . The second difference concerned the intercistronic region lying between the antiterminator and the permease genes which, in the Arb system, is unusually long, i.e., 300 bp versus 130 bp in bgl (48) . The existence of this 300-bp intercistronic region points to a question yet to be solved in the arb system: are all three genes organized as an operon? Actually, preliminary evidence suggests that both the arbF and the arbB genes can be expressed independently from arbG. Furthermore, in our previous work, we showed that the expression of arbF was 3-fold inducible while the expression of arbB was increased 15-fold in the presence of P-glucosides (16) .
The comparison of the arb and bgl gene nucleotide sequences failed to provide a clear-cut explanation of why the E. coli system is cryptic and the E. chrysanthemi is expressed. A possible answer is that the Arb system contains additional (or more efficient internal) promoters which are not controlled by the antitermination mechanism. Knowledge of the structural features of the arb genes has now provided the groundwork for investigating these questions.
